INTRODUCTION
Mitochondria are particularly important in neurons, which rely almost exclusively on the mitochondrial oxidative phosphorylation system to produce ATP (Harris et al., 2012) . ATP is essential for many neuronal processes, including the maintenance of the membrane potential; the synthesis, release, and recapture of neurotransmitters; and the reversal of ion flux through postsynaptic receptors. Furthermore, neurons are highly structured and elaborated cells, with different compartments having unique mitochondrial requirements (Misgeld and Schwarz, 2017) .
Paradoxically, mitochondria are also the main source of reactive oxygen species (ROS), an inevitable byproduct of electron transport chain activity, with this organelle being the first target of ROS toxicity . Neurons can counteract mitochondrial ROS (mROS) overload to a certain extent, due to cellular antioxidant defenses, mitochondrial dynamics (fusion/fission activity), and, in the case of more severe damage, removal of impaired organelles by mitophagy (reviewed in Cummins and Gö tz, 2017; Grimm and Eckert, 2017) . These systems are believed to maintain the cellular reduction/oxidation balance and ATP generation, thereby promoting neuronal survival. However, the specific effects of mROS on mitochondrial bioenergetics, redox state, and mitochondrial dynamics in different neuronal compartments have not been systematically dissected.
Most methods to induce oxidative damage in cells are based on treatment with oxidative agents such as hydrogen peroxide (Lejri et al., 2017) , mROS-inducing drugs such as paraquat (Schmuck et al., 2002) , or inhibitors of the mitochondrial electron transport chain (Leuner et al., 2012; Stockburger et al., 2014) . Importantly, these substances can not only disturb non-mitochondrial cell functions but also affect the entire cell. To overcome these limitations, more targeted optogenetic methods have been developed. A highly versatile tool is the photosensitizer KillerRed (KR), a protein that generates ROS in response to stimulation with green light, with subsequent cell death being demonstrated in a range of cell types and even in living organisms (Williams et al., 2013) . Targeting this protein to mitochondria (mt-KR) enables not only the induction of ROS production in subsets of mitochondria through spatially restricted illumination but also the temporal control of the duration of the mt-KR-induced ROS production. This strategy mimics what is encountered at a cellular level in response to mitochondrial damage, by locally inducing ROS generation specifically within mitochondria without the confound of drugs acting on the entire cell, which can disrupt other mitochondrial and cellular functions. This method lends itself to study processes in a more ''physiological'' context, by inducing only limited oxidative stress and assessing how the cells cope with compartments (reviewed in Harris et al., 2012) . Therefore, we characterized the mito-and cyto-redox states and ATP/ADP ratio separately in the soma, proximal dendrites (within 25 mm distance to the soma), and distal dendrites (beyond 25 mm distance to the soma) ( Figure 2) . Interestingly, the basal mito-and cytoredox states (before mt-KR stimulation) was almost twice as oxidized in the distal dendrites when (M) ATP/ADP ratio in Perceval-transfected cells after acute mt-KR activation (scanned 203) and analysis of the signal before, 30 s after, and 30 min after mt-KR activation. Values represent the mean G SEM of 18 cells from 3 independent experiments. One-way ANOVA (repeated measurements) and Dunnett's multiple comparisons test versus baseline (before mt-KR), *p < 0.05; **p < 0.01; ***p < 0.001. mt-DS, mito-DsRed.
compared with the soma (mito-redox state: soma versus proximal dendrite p < 0.001, proximal versus distal dendrites p < 0.01; cyto-redox state: soma versus proximal dendrites p < 0.001, proximal versus distal dendrites p < 0.05; one-way ANOVA and Tukey's multiple comparisons) ( Figures 2D and 2I) . Also, the ATP/ADP ratio was lower in the distal dendrites when compared with the soma (soma versus distal dendrites p < 0.01, one-way ANOVA and Tukey's multiple comparisons) ( Figure 2N ). No significant differences were observed between the soma and proximal dendrites.
We then applied our mt-KR stimulation paradigm of 20 scans to the neurons using whole-cell stimulation and compared the changes in the mito-and cyto-redox states and ATP/ADP ratio in the three neuronal compartments ( Figures 2D, 2I , and 2N). We observed an induction of mitochondrial oxidation (+30-35%) 30 s after mt-KR activation in all three compartments ( Figure 2E ), which was slightly decreased by 30 min post-stimulation, but remained significantly elevated compared with baseline in the soma ( Figures  2A-2E) . Similarly, the cytosolic redox state was oxidized (+20-25% oxidation) 30 s post mt-KR stimulation in all three neuronal compartments, and this oxidation continued to increase after 30 min, especially in the soma (+38%) ( Figures 2F-2J) . Similar to what we had observed in N2a cells, the cyto-roGFP signal appeared punctate after mt-KR stimulation (Figures 2G and 2H) , suggesting that the oxidation observed in the cytosol is due to the increased mROS levels triggered by mt-KR stimulation. A decrease in the ATP/ADP ratio was detected already 30 s after mt-KR stimulation (À40% in the soma) and kept further decreasing after 30 min in all three compartments (À60% in the soma, À56% in proximal dendrites, À50% in distal dendrites) ( Figures 2K-2O) . Together, our results demonstrated that mt-KR stimulation of a whole neuron induces mitochondrial and cytosolic oxidation, coupled with a decrease in ATP levels in the soma and proximal and distal dendrites.
Focal Mitochondrial Oxidation Is Contained in the Oxidatively Damaged Region, with Dendrites Exhibiting Higher Sensitivity
We next aimed to investigate how neurons react to a local oxidative insult in either the soma or the dendrite, an analysis that may be more physiologically relevant than a global, whole-cell, oxidative insult ( Figure 3 ). The neurons were again co-transfected with mt-KR and matrix-roGFP, cyto-roGFP, or Perceval. However, this time, only a small 10 mm 2 region of interest (ROI) was stimulated in either the soma ( Figure 3A) or the primary dendrite ( Figure 3E ). We found that the mitochondrial redox state was oxidized (+10%) already 30 s after stimulation, but importantly, this response was confined to the ROI (Figures 3B and 3F,  Table S1 ). In the soma, mitochondrial oxidation remained elevated up to 30 min after stimulation (at which point the experiment was terminated), but it was slightly decreased in the dendrite. The global whole-cell mito-redox state ( Figures 3B and 3F ) and the cyto-redox state (Figures 3C and 3G) were reduced, as was the case for the non-stimulated distal dendrites ( Figure 3F ). However, a significant cytosolic oxidation occurred in the ROI 30 min after stimulation in the soma (+10%, Figure 2C ) and to a greater extent in the dendrite (+19%, Figure 3G ). The zones directly surrounding the ROI also displayed a slight cytosolic oxidation 30 min post-stimulation ( Figures 3C and 3G , Table S1 ).
Interestingly, although the ATP/ADP ratio was significantly decreased after 30 min in the stimulated small ROI in the soma (À10%, Figure 3D ), there was an even greater reduction in the dendrite (À25%, Figure 3H ). The zones surrounding the ROI in the dendrite also displayed a significant decrease in ATP 30 min after mt-KR stimulation ( Figure 3H , Table S1 ). Conversely, in all other investigated regions (except for the Table S1 , and the corresponding images are displayed in Figure S1 . The dashed line indicates the time of mt-KR activation.
(E) For the analysis of events after focal mt-KR activation in dendrites, neurons were divided into the stimulated ROI, representing a 10 mm 2 area; the area directly surrounding the ROI (around ROI 1); the rest of the stimulated dendrite (around ROI 2); the soma; the non-stimulated proximal dendrites; and the non-stimulated distal dendrites.
(F-H) Mitochondrial redox state (F), cytosolic redox state (G), and ATP/ADP ratio (H) in different neuronal compartments after focal mt-KR activation in the dendrite. Values represent the mean G SEM of 14-16 cells from 3 independent hippocampal cultures. Statistics are detailed in Table S1 , and the corresponding images are displayed in Figure S2 . The dashed line indicates the time of mt-KR activation.
ROI), a peak in ATP levels was observed directly after stimulation (at 30 s), followed by a progressive increase in the ATP/ADP ratio in the whole cell (total ATP/ADP), particularly in the proximal and distal dendrites. ATP levels increased up to 25% in the distal dendrite when the ROI was in the soma, and up to 23% in the non-stimulated dendrite when the ROI was in a dendrite, 5 min post-stimulation ( Figures 3D and 3H ). The corresponding fluorescence ratio images of matrix-roGFP, cyto-roGFP, and Perceval before and after mt-KR activation are shown for the soma ( Figure S1 ) and the dendrite ( Figure S2 ).
A Pearson correlation was performed to determine the link between mitochondrial oxidation and the ATP/ ADP ratio over time after mt-KR stimulation (Table S2) . A negative correlation was observed between the two parameters in all examined regions, except for the ROI and the surrounding zones in both the soma and dendrite (Table S2 ). This could suggest that the increase in mROS triggers a decrease in ATP production.
Together, these data demonstrate that in both the soma and the dendrite, mitochondrial oxidation is contained within the mt-KR-stimulated region. The cytosolic oxidation was slightly increased in the zone surrounding the ROI 30 min post-stimulation, suggesting that an excess of mROS, produced by mt-KR stimulation, was leaking from mitochondria to the cytosol. Furthermore, our findings suggest that dendrites are more sensitive to oxidative insult than the soma, with a higher increase in cytosolic oxidation and decreased ATP levels observed in the damaged region. Interestingly, ATP levels were decreased in the damaged region, again to a greater extent in the stimulated dendrite, but they were increased in the non-stimulated parts of the neuron, particularly the distal dendrites. We also revealed that variations in the ATP levels in the non-stimulated regions correlated with the redox state, because the ATP/ADP ratio decreased when oxidation increased.
A Focal Oxidative Insult Results in Mitochondrial Fragmentation Only in the Damaged Region
Oxidative stress is known to induce rapid mitochondrial fragmentation, which is associated with cell death by apoptosis . To investigate whether the acute oxidative insult induced here had an impact on the mitochondrial network, we assessed mitochondrial morphology before and after mt-KR stimulation ( Figure 4 ). To detect subtle changes, we used a morphometry macro in ImageJ . This allowed us to detect a slight but significant decrease in mitochondrial shape complexity (form factor), mitochondrial length, and mitochondrial interconnectivity/elongation (aspect ratio), 30 min after whole-cell mt-KR stimulation ( Figures These data indicate that an acute oxidative insult to the whole neuron impairs mitochondrial network integrity. A focal oxidative insult induced mitochondrial fragmentation only in the damaged region, but was not severe enough to alter the global mitochondrial network, at least in the short term (i.e., within 30 min).
Decreased Mitochondrial Fusion and Motility after Focal Oxidative Insult
We next investigated the fate of damaged mitochondria in neurons in more detail. We co-transfected the neurons with mt-KR and photoactivatable mitochondrial paGFP (mt-paGFP), which allowed us to ''track'' damaged mitochondria based on the diffusion of the mt-paGFP fluorescence. Cells that were co-transfected with mt-paGFP and mt-DS were used as negative control, because mt-DS does not induce mitochondrial oxidation after photostimulation ( Figures 1A and 1B) . Again, only a small 10 mm 2 area was stimulated in either the soma or in a dendrite resulting in bleaching of the mt-KR or mt-DS in the ROI, directly followed by mt-paGFP activation to visualize mt-KR/mt-DS-stimulated mitochondria (Figures 5 and 6). As indicators of mitochondrial dynamics, three parameters were measured (Hung et al., 2018) : (1) Colocalization between the mt-DS and mt-paGFP signals was significantly increased over time in the ROI and in the zones surrounding the soma ( Figure 5C ) and the dendrite ( Figure 6C ), mirrored by an increased diffusion of the mt-paGFP signal (increased percentage of mt-paGFP positive mitochondria per area) into the zones surrounding the ROI ( Figures 5D and 6D ). The mt-paGFP signal concomitantly decreased in the ROI, indicating mitochondrial movement from the simulated region into the surrounding zones. In contrast, these parameters were not significantly altered in mt-KR-stimulated neurons, in either the soma (Figures 5G and 5H) or the dendrite ( Figures 6G and 6H ), suggesting impaired mitochondrial fusion in the damaged region. Of note, our mt-KR stimulation paradigm of 20 scans was not sufficient to totally bleach the mt-KR signal, unlike that of mt-DS (Figures 5G and 6G) . This technical limitation therefore makes it difficult to interpret the data obtained for the photostimulated area, as the percentage of colocalization between the mt-KR and the mt-paGFP signal in the ROI remained constant over time.
Nevertheless, there was a clear difference between mt-DS-and mt-KR-stimulated neurons, when the fluorescence recovery, the percentage mt-paGFP-positive area, and the colocalization (red 3 green) were compared between 0 and 30 min post-stimulation in the soma and dendrite ( Figures 6I-6K) . A significant reduction in these three parameters was observed in the mt-KR-versus mt-DS-stimulated cells, which may reflect (1) decreased mitochondrial transport back to the damaged ROI ( Figure 6I ), (2) decreased transport of damaged mitochondria outside the ROI ( Figure 6J ), and (3) decreased fusion rate of damaged mitochondria in the ROI, with healthy ones remaining around the ROI ( Figure 6K ) (see also Twig et al., 2008; Wang et al., 2012) . (G-U) Quantification of the mitochondrial morphology parameters after mt-KR photostimulation in the whole neuron (G-I), in the soma (J-L: whole-cell mitochondrial network, M-O: mitochondria in the stimulated area), and in the dendrite (P-R: whole-cell mitochondrial network, S-U: mitochondria in the stimulated area). (G, J, M, P, and S) Form factor (mitochondrial elongation), (H, K, N, Q, and T) mitochondrial length, and (I, L, O, R, and U) aspect ratio (mitochondrial interconnectivity). On average 1,000-3,000 mitochondria were analyzed per group (n = 10-11 neurons/group from 3 independent hippocampal cultures). Values represent the mean G SEM. Student's paired t test, *p < 0.05; **p < 0.01.
In addition, analysis of the motility of mt-paGFP-positive mitochondria revealed a reduction in the proportion of mitochondria moving forward and backward in the soma ( Figures 7A and 7B ) and the dendrite ( Figures 7D and 7E ) of mt-KR-stimulated neurons when compared with mt-DS-stimulated cells. Also, the proportion of stationary mitochondria was significantly increased in both compartments (mt-KR versus mt-DS: +15% in the soma and +10% in the dendrite, Figures 7B and 7E, respectively) . The average distance traveled by mobile mitochondria (moving forward and backward) was significantly reduced in the soma ( Figure 7C ) and the dendrite ( Figure 7F ) of mt-KR-stimulated neurons when compared with mt-DSstimulated cells. Taken together, these findings demonstrate that damaged mitochondria have a reduced motility and fusion rate, which may prevent the spreading of the oxidative insult beyond the zone of damage.
DISCUSSION
Given the high energy needs of neurons, it is essential for them to maintain mitochondrial function after a local insult. Considering that most studies address the whole-cell response of neurons to an oxidative insult, we addressed the following two questions in our study: (1) is it possible to monitor changes in redox homeostasis and ATP turnover in neurons after an acute mitochondrial oxidative insult and (2) are there compartment-specific differences in how neurons cope with local mitochondrial stress.
The main findings of our study are as follows: (1) The basal mito-and cyto-redox states in distal dendrites are more oxidized and ATP levels are lower than those in the soma and proximal dendrites. (2) When an oxidative insult occurs locally in the soma or dendrite, mitochondrial oxidation increases and ATP levels decrease only in the damaged region, whereas the ATP/ADP ratio increases in the distal regions. (3) Oxidatively stressed mitochondria are fragmented and have a decreased motility and a reduced fusion rate. (4) The soma and dendrites respond in the same way to a focal oxidative insult; however, dendrites seem to be more sensitive to oxidative stress, with a higher increase in cytosolic oxidation and decreased ATP levels observed in the damaged region ( Figure 7G ).
Whole-cell mt-KR stimulation triggered mitochondrial and cytosolic oxidation, coupled with a decrease in ATP levels and fragmentation of the mitochondrial network. As neurons rely almost exclusively on mitochondrial respiration to synthesize ATP molecules (Harris et al., 2012) , it is likely that the decrease in ATP levels observed after mt-KR-induced oxidative stress is due to the inhibitory effects of ROS on mitochondrial respiration and subsequent ATP production (reviewed in Grimm and Eckert, 2017) . Indeed, when produced in excess, mROS may damage proteins and DNA, and induce lipid peroxidation, with the corresponding mitochondrial structures, including the respiratory chain that produces ATP molecules, being the first target of toxicity. For example, Brown and Borutaite previously showed that some ROS species inhibit mitochondrial complex IV activity by competitively binding to its oxygen site (Brown and Borutaite, 2002) . Thus, the direct inhibitory effect of mROS on the mitochondrial respiration, combined with the rapid utilization of ATP molecules within neurons, may explain the rapid depletion of cellular ATP that we observed after mt-KR stimulation.
The progressive cytosolic oxidation may be explained by the diffusion of the mt-KR-derived ROS from the mitochondrial matrix to the cytosol, given that mROS, including superoxide, can pass through the mitochondrial membrane via voltage-dependent anion channels (Tafani et al., 2016) . It is also possible that the mROS overload induces the opening of the mitochondrial permeability transition pore, releasing mROS into the cytosol (Rottenberg and Hoek, 2017; Zorov et al., 2014) . Besides, it cannot be excluded that mROS induce the formation of cytosolic ROS via a vicious circle of oxidative stress Grimm et al., 2016) , which may explain why oxidation continued to increase for 30 min after mt-KR stimulation. (G) Proposed model of the somatodendritic regulation of redox state and ATP turnover after an acute local oxidative insults. When an oxidative damage occurs within somatic mitochondria (left panel), ROS increase only in the photostimulated mitochondria and the ATP/ADP ratio decreases. Cytosolic ROS levels increase in the damaged region as well as in the remainder of the soma. Impaired mitochondria are fragmented and have a decreased motility and a reduced ability to fuse with other mitochondria. In the soma and dendrites, the ATP/ADP ratio increases, whereas mitochondrial and cytosolic ROS decrease in the distal dendrites. Similarly, when oxidative damage occurs within dendritic mitochondria (right panel), ROS increase only in the photostimulated mitochondria. The ATP/ADP ratio decreases and cytosolic ROS increase in the damaged region to a greater extent than in the soma under similar conditions. Again, impaired mitochondria are fragmented and have a decreased motility and a reduced ability to fuse with other mitochondria. In the rest of the affected dendrite, the ATP/ADP ratio increases and then strongly decreases over time. In the non-damaged dendrites, mitochondrial and cytosolic ROS decrease, with a concomitant increase in the ATP/ADP ratio. Thus, neurons avoid the spread of oxidation by quarantining damaged mitochondria at the site of insult.
A major focus of our study was to investigate the impact of a local oxidative insult in the soma and dendrites. We found that mitochondrial oxidation was immediately increased after the insult but only in the stimulated region. However, we also observed a slow cytosolic oxidation, again suggesting that ROS produced in the mitochondria by mt-KR stimulation were ''leaking'' into the cytosol. Interestingly, the ATP/ ADP ratio decreased in the photostimulated regions, but increased in the neighboring compartments, particularly distal dendrites. Indeed, after mt-KR stimulation in the soma or dendrite, the ATP/ADP ratio presented an initial sharp rise followed by a slower increase in non-stimulated regions (see also Figure 7G ). This may reflect a compensatory mechanism developed by neurons to prevent a local oxidative stress affecting the remainder of the neuron. We may speculate that neurons upregulate their antioxidant defenses in response to an oxidative insult, leading to an increase in mitochondrial respiration and ATP production, coupled with a decrease in oxidation. In line with this concept, a recent study has highlighted the role of AMP-activated protein kinase (AMPK) as a potential regulator of the cellular metabolic balance in response to increased mROS (Rabinovitch et al., 2017) . The study showed that mROS can activate AMPK, promoting a peroxisome proliferator-activated receptor gamma coactivator 1-alpha-dependent antioxidant response program that regulates mitochondrial homeostasis and cellular metabolic balance. Another explanation may be provided by the close interconnection between the ER and mitochondria via the mitochondria-associated ER membranes (MAMs) (Paillusson et al., 2016) . It is known that an increase in mROS affects the ER, leading to an increased release of Ca 2+ (reviewed in Gorlach et al., 2015) . Thus, the fast increase in the ATP/ADP ratio that we observed outside the stimulated region may be due to calcium transfer to mitochondria via the MAMs, thereby stimulating ATP synthesis (Bravo et al., 2011; Griffiths and Rutter, 2009) . Further experiments are required to determine which pathway is involved (e.g., AMPK or MAM-dependent Ca 2+ signaling pathway).
mt-KR-stimulated dendrites exhibited a greater increase in cytosolic oxidation and a more pronounced decrease in ATP levels in the damaged region when compared with the soma. This may correlate with the basal redox state and ATP/ADP ratio, as we showed that the mito-and cyto-redox states were more oxidized in the distal dendrites than the soma, together with a lower ATP/ADP ratio. These findings are in line with previous evidence showing higher peroxide production in synaptic compared with non-synaptic mitochondria (reviewed in Grimm and Eckert, 2017) . Similarly, synaptic mitochondria were shown to express lower levels of manganese superoxide dismutase compared with non-synaptic mitochondria, which supports the high sensitivity of synapses to oxidative stress (Volgyi et al., 2015) . Interestingly, at physiological concentrations, ROS play a role in different processes including cellular signaling and learning and memory (Kishida and Klann, 2007; Veal et al., 2007) . Physiological levels of ROS are important for the regulation of synaptic plasticity and long-term potentiation (LTP). Indeed, inhibiting ROS production or reducing superoxide levels through scavenging mechanisms resulted in deficient LTP in healthy mice (reviewed in Massaad and Klann, 2011) . Therefore, it is conceivable to assume that the higher oxidation we observed in dendrites may serve neuronal functions by regulating synaptic plasticity.
Synaptic mitochondria need to sustain the high energy level required for synaptic activity, with a recent report detailing the amount of ATP that is required for synaptic transmission (Harris et al., 2012) . ATP is mainly used by several ATPases to re-establish the ion balance after the firing of an action potential, to lower intracellular calcium levels, to energize vesicle transmitter uptake, and to allow mitochondrial transport by motor proteins. Specifically, in dendrites, half of the total ATP is required, mainly for the reversal of ion flux through post-synaptic receptors (Harris et al., 2012) . Therefore, the higher oxidation observed by us in dendrites may be due to higher ROS production and lower antioxidant defenses in synaptic mitochondria. In addition, the high ATP requirements in the post-synaptic compartment may explain the lower ATP/ ADP ratio observed in dendrites compared with the soma, as the available ATP is rapidly used to sustain synaptic activity.
As far as mitochondrial mobility and dynamics after a local oxidative insult are concerned, we did not observe any differences between the soma and dendrites. Following focal mt-KR stimulation, a local mitochondrial fragmentation was observed. In addition, impaired mitochondria were found to have a decreased motility as well as a reduced fusion rate. In line, previous studies showed that mt-KR photostimulation induced mitochondrial depolarization (Wang et al., 2012) , which may prevent mitochondrial fusion (Twig et al., 2008) . Using focal mt-KR stimulation in axonal mitochondria, Ashrafi and colleagues reported local mitochondrial fragmentation and the PINK1/Parkin-dependent elimination of damaged mitochondria (Ashrafi et al., 2014) . This group also showed that PINK1 phosphorylates Miro, a protein that is involved in anchoring kinesin to the mitochondrial surface, leading to Parkin-dependent degradation of Miro, detachment of kinesin from the mitochondria, and the arrest of mitochondrial transport before their clearance (Wang et al., 2011) . As we also observed local mitochondrial fragmentation in mt-KR-stimulated mitochondria coupled with a decrease in mitochondrial movement and fusion, it is possible that similar mechanisms might occur in the soma and dendrites to eliminate damaged mitochondria by mitophagy (Cummins and Gö tz, 2017) . Neuronal mitophagy in the somatodendritic compartment has been shown (using the ionophore carbonyl cyanide m-chlorophenyl hydrazone (CCCP)) to require hours of mitochondrial depolarization (Cai et al., 2012) , and is therefore likely to occur outside the time window investigated in the present study. Future work will determine the long-term effects of acute mt-KR stimulation on somatodendritic redox homeostasis and ATP turnover. In this regard, it is worth noting that continuous mt-KR irradiation of distal dendrites for up to 15 min induced local spine elimination (caspase-3 dependent), although no cell death was detected even 9 hr post-stimulation (Ertü rk et al., 2014).
Taken together, our findings expand the current knowledge about the somatodendritic regulation of redox homeostasis, ATP turnover, and mitochondrial dynamics after a local oxidative insult in neurons. Given that neurons are compartmentalized cells with high energy demands and with a lifespan similar to that of the whole organism, they need an efficient system to maintain their redox balance and ATP levels in response to oxidative insults. By combining the photosensitizer mt-KR, fluorescent biosensors, and photoactivatable GFP, we showed that neurons are able to contain a local oxidative stress in the soma or dendrite, limiting the increase in ROS and the decrease in ATP production to the damaged area. The cells therefore avoid the spreading of oxidation by ''quarantining'' mitochondria. Mitochondrial dysfunction, oxidative stress, and bioenergetic deficits are hallmarks of brain aging, as well as of numerous neurodegenerative disorders (Damiano et al., 2010; Grimm and Eckert, 2017; Grimm et al., 2016; Pickrell and Youle, 2015) , and understanding how neuronal redox homeostasis and bioenergetics are regulated under physiological conditions will likely also have implications for the treatment of these conditions.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Transparent Methods, two figures, and two tables and can be found with this article online at https://doi.org/10.1016/j.isci.2018.07.015. The table displays the statistical analysis relating to Figure 3 (I, J). ROI: region of interest.
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TRANSPARENT METHODS
Cell culture
Mouse N2a 
Time-lapse imaging
Imaging parameters
Cells were placed in Hank's Balanced Salt Solution (HBSS, Gibco) buffer shortly before the experiment and imaged using a Zeiss LSM710 confocal microscope running the Zen Black software (2012), with an environmental chamber maintaining the culture temperature at 37°C and the CO 2 level at 5%. Single optical sections were obtained using a 40x 1.4NA oil or 63x
1.4NA oil objective with the following parameters: 1024x1024 pixel resolution, zoom 2.5, scan speed 7, line scan average of 2, scan mode bidirectional. As hippocampal neurons could not be maintained for too long in HBSS buffer, the cells were not imaged for more than 1 h. All acquisition settings were kept constant during imaging.
Mito-KillerRed photostimulation
Mito-KillerRed (mt-KR) is a photosensitizer that generates reactive oxygen species (ROS) within mitochondria upon green light activation (excitation: 561 nm -emission: 601 nm) . Before imaging, cells expressing mt-KR were protected from light to prevent inadvertent ROS production. mt-KR photostimulation (photobleaching) was performed by scanning the cells 20 times (0.5 s interval) with a 561 nm laser at 100%. The total length of irradiation did not exceed 30 s. Local photostimulation experiments were performed by activating the mt-KR in the soma or in the dendrites (area = 10 µm 2 ) approximately 50-75 µm from the centre of the soma.
Investigation of mitochondrial and cytosolic redox state
To investigate changes in the mitochondrial and cytosolic reduction/oxidation (redox) environment before and after mt-KR activation, cells were co-transfected with the mt-KR and Matrix-roGFP or cyto-roGFP plasmids coding for redox-sensitive green fluorescent proteins localised to mitochondria or the cytosol, respectively . In an oxidised environment, the excitation increases at short wavelengths (405 nm) at the expense of longer wavelengths (488 nm). The emission wavelength for both states is 525 nm. The ratio of fluorescence intensity at excitation 405 nm/excitation 488 nm therefore indicates oxidation/reduction, with higher ratios reflecting a more oxidized environment. By cotransfecting the cells with the mt-KR and the roGFP plasmids, the redox state was followed in real-time, before and after mt-KR activation in the whole cell or after local mt-KR activation in the soma or dendrite. A 40x oil objective was used to visualize the soma and dendrites of hippocampal neurons. Cells were imaged three times before mt-KR stimulation (baseline), then every 30 s for 5 min after mt-KR stimulation, and finally again twice after 30 min (30 s interval).
Measuring ATP/ADP ratio
To investigate changes in the ATP/ADP ratio before and after mt-KR activation, cells
were co-transfected with the mt-KR and Perceval plasmids. Perceval is a genetically encoded green fluorescent biosensor that binds both ATP and ADP, with higher affinity for ATP . The competition between the two substrates induces a change in the excitation spectrum of the Perceval protein, with a diminished peak at 405 nm and an enhanced peak at 490 nm when the ATP level increases. By co-transfecting the cells with the mt-KR and Perceval plasmids, the ATP/ADP ratio was followed in real-time, before and after mt-KR activation in the whole cell or after local mt-KR activation in the soma or dendrite. A 40x oil objective was used to visualize the soma and dendrites of hippocampal neurons. Cells were imaged every 30 s for 5 min and then again twice after 30 min (30 s interval).
Analysis of mitochondrial dynamics and mobility
To investigate changes in mitochondrial dynamics and mobility before and after mt-KR activation, cells were co-transfected with the mt-KR and mito-photoactivatable GFP (mt-paGFP)
plasmids. PaGFP is a photoactivatable protein, the basal absorbance of which is decreased, allowing for the fluorescence to be "switched on" (Karbowski et al., 2004, Patterson and Lippincott-Schwartz, 2002) . Photoactivation by UV light (around 400 nm) leads to a 100-fold increase in fluorescence intensity, which can be used to study mitochondrial dynamics as well as changes in the local mitochondrial network.
The mt-KR was imaged using a 63x oil objective before photostimulation / mt-paGFP activation in order to assess the fluorescence baseline. To prevent mt-KR-induced ROS production during imaging, the 561 nm laser power was decreased to 0.5%. A 10 µm 2 region of interest (ROI) was selected for photostimulation with the mt-KR and directly followed by mt-paGFP photoactivation. The mt-paGFP was imaged every 5 s for 8 min using 488 nm excitation (63x oil objective) in order to assess the mobility of damaged mitochondria in the stimulated region and surrounding zones in the soma and dendrites. The mt-KR and mt-paGFP were imaged immediately after stimulation/activation (T=0 min) and then every 10 min for 30 min to investigate the mitochondrial dynamics. The mito-DsRed (mt-DS) was used as a negative control.
Image analysis
All images were analyzed using Fiji (version 2.0.0), an NIH ImageJ software focused on biological image analysis (Schindelin et al., 2012) . nm channel was manually 'thresholded' and 'binarized' to serve as a segmentation mask as previously described (Breckwoldt et al., 2014) . The same mask was used to segment both channels (405 and 488 nm), which had been previously background-subtracted. The resulting images were then divided using the "Image calculator" on Fiji. The look-up table "16_colors" was used to display images (used only for representation).
The analysis of mitochondrial morphology was performed with an automated image processing and morphometry macro in Fiji as previously described . Briefly, images were background-subtracted (rolling ball radius = 50 pixels) and uneven labelling of mitochondria was improved through local contrast enhancement using contrast-limited adaptive histogram equalization ("CLAHE"). To segment mitochondria, the "Tubeness" filter was applied. After setting an automated threshold, the "Analyze Particles" plugin was used to determine the area and perimeter of individual mitochondria and the "Skeletonize" function was used to measure mitochondrial length. The average metrics obtained reflect:
-the mitochondrial elongation or form factor (FF), the inverse of circularity describing a particle's shape complexity:
-mitochondrial interconnectivity or aspect ratio, the ratio of the major and minor axes of a fitted ellipse:
Aspect ratio = −1 ∑ -mitochondrial length:
For the analysis of mitochondrial dynamics, three ROIs were selected in the first image collected after mt-paGFP activation (T=0 min, post-activation values): the stimulated ROI (10 µm 2 ), surrounding area "1" (=zone 1, boundaries approximately 10 µm from the stimulated ROI), and the surrounding area "2" (= zone 2, the rest of the soma or a 20 µm wide area from either side of the surrounding area 1 in the dendrite, see also Figure 5A inset and Figure 6A inset). The mt-paGFP-positive area was measured in zones 1 and 2 to assess the diffusion of the GFP signal, reflecting mitochondrial fusion/content mixing. Specifically, the mt-paGFP-positive area as percentage of total area (zone 1 or zone 2) was measured on the binary images obtained using the same threshold algorithm ("Otsu", (Otsu, 1979) ) on every image. In addition, the fluorescence recovery after mt-KR or mt-DS photostimulation (bleaching) was measured in the stimulated ROI (in the soma or dendrite) as an indicator of mitochondrial movement back into the ROI. The percentage area where the mt-paGFP signal co-localized with the mt-KR or mt-DS signal (red x green) was further assessed as an additional indication of mitochondrial fusion in the stimulated region and surrounding zones. Binary images were obtained using the same threshold algorithm (Otsu) for both channels (red: mt-KR or mt-DS, green: mt-paGFP) and multiplied using the "Image calculator" on Fiji. The resulting binary image reflects the area of red and green co-localization.
To assess the changes in mitochondrial network and dynamics (fusion) occurring 30 min after stimulation, the fluorescence values and percentage area at 30 min were subtracted from those obtained at 0 min (T30 min -T0min).
The mitochondrial mobility within and around the damaged region was assessed using mt-paGFP time-lapse imaging. A straight line of approximately 15 µm was drawn with the photostimulated ROI in the center of the soma or dendrite. Kymographs were generated with the KymographClear plug-in in Fiji which provides automatic color coding of the different
